Coastal bermudagrass hay was labeled with Cr by the Cr-mordant procedure and with 177Lu applied to the same fiber. Neutral detergent fiber prepared from the same Coastal bermudagrass hay was labeled with Yb, 169yb, Tb and 16t~b by soaking overnight following by thorough washing and drying. Wood chips were similarly labeled with Sm or 147 141 La, and Solka Floc was labeled with Nd and Ce. The carriers, labels and times of administration to cattle were: bermudagrass fiber with both Cr and 177Lu, bermudagrass fiber with 169yb and Solka Floc labeled with t47Nd at 0 h; bermudagrass fiber with Yb, Solka Floc with 141Ce and wood chips with Sm at 24 h; wood chips with La at 48 h; and bermudagrass fiber labeled with 16~ at the beginning and labeled with Tb at the end of a meal. Fecal collection followed and passage characteristics were determined with a twocompartment, age-dependent model. Markers labeling the different fiber sources had different (P < .01) passage rates (Solka Floc > Coastal bermudagrass > wood chips), but there was no difference within fiber source for rare earth passage. There also was no difference between the passage characteristics of Cr-mordant and 177Lu. However, passage rate of particles administered at the beginning of the meal (~6~ was 42% higher than for particles at the end of the meal feb). These results indicate that the flow characteristics of rare earths applied by the soak and rinse procedure were the same as those of the more strongly bound Cr-mordanted fiber and that the kinetics of passage can be affected by the time of dosing relative to the consumption of the meal.
mined directly using collection bags or with external markers (including Cr and several of the rare earth elements). Markers usually are administered by continuous infusion and daily administration (to obtain a steady state) or by a single-dose procedure (Galyean et al., 1987) .
The single-dose procedure also provides estimates of passage rate, mean retention time and gastrointestinal tract fill (Pond et al., 1988) . However, construction of the marker appearance curve requires frequent sampling, which may affect the animal's normal behavior (Fisher et al., 1986) . Wollscheid et al. (1979) proposed estimating passage rate from the ratio of two markers dosed at different times. The solute markers utilized were not biologically identical and they unsuccessfully estimated passage from the marker ratio. Passage of rare earth-labeled particles may be less variable than passage of solute markers and, therefore, two rare earth elements dosed at different times might yield superimposable marker appearance curves in the feces.
The purpose of this experiment was 1) to compare several rare earth elements as particle passage markers when applied to fiber sources having expectedly different passage characteristics, 2) to compare the passage of fiber labeled by mordanting to fiber labeled with a rare earth element and 3) to determine the effect of time of dosing on passage parameter estimates.
Experimental Procedure
Animals. Brahman x Jersey cattle fitted with esophageal cannulas were fed Coastal bermudagrass hay (74% NDF, 6.8% CP) for 14 d in drylot. Two cows weighing 530 and 565 kg and two steers weighing 610 and 620 kg were tethered in free stalls and fed, individually, Coastal bermudagrass (Cynodon dactylon [L] Pers.) hay. Animals were offered hay near ad libitum for 3 h at 0700 and 1900.
Marker Preparation. After 7 d of adjustment to dietary and other conditions, a 2-kg (DM) sample of masticated hay was taken from one animal via esophageal cannula. A 6Wood Products Laboratory, Madison, Wl. portion of the dried masticated forage (225 g) was labeled with chromium (Cr) by the mordanting procedure outlined by Uden et al. (1980) . A lutitium (Lu) solution of 60 ~tCi 177Lu(No3)y6H20 then was placed on the dry mordanted fiber, allowed to soak overnight, rinsed thoroughly with tap water to remove unbound 177Lu, filtered and dried. Twenty-two grams of the dried Cr-mordanted, I77Lu-labeled fiber was placed in four #7 gelatin capsules (diameter 2.3, length 9 cm) to be administered to each animal.
One kilogram (DM) of masticated Coastal bermudagrass hay was extracted for 1 h with NDF solution (Goering and Van Soest, 1970) without EDTA, filtered thoroughly, washed and dried. Four portions of 100 g of the extracted dried masticate were soaked overnight in solutions of four different types: ytterbium (Yb), 169yb, terbium (Tb) or lSrrb.
The
Yb solution contained 26.2 g Yb(NO3)y6H20 in 750 ml distilled water; the 169yb solution, 100 I.tCi 169yb(NO3)3.6HzO in 800 ml distilled water; the Tb solution 20.9 g Tb(NO3)y6HzO in 750 ml distilled water; and the 16~ solution, 200 I.tCi 16~ in 800 ml distilled water.
Dried spruce wood chips 6 measuring 15 x 3 x .5 mm were separated into two portions weighing 186 g each and soaked overnight in either samarium (Sm) or lanthanum (La) solutions. The solutions contained 26.1 g Sm(NO3)y6H20 and 31.8 g La(NO3)y6H20 dissolved in 1 liter of distilled water. The marked Coastal bermudagrass fiber and wood chips then were filtered, thoroughly rinsed with water to remove unbound marker and dried. Approximately 20 g of each of the Yb-, 169yb-, Tb-and 16~
Coastal bermudagrass were placed in five #7 gelatin capsules to be administered to each animal. Approximately 17 g of the Sm-and La-labeled wood chips were each placed in five #7 gelatin capsules to be administered to each animal.
Two 40-g portions of Solka Floc (wood pulp) were soaked overnight in cerium (Ce) or neodymium (Nd) solutions containing either 100 /.tCi 141Ce(NO3)3.6H20 or 100 ~Ci ~47Nd(NO3)3-6H20. Inability to filter the Solka Floc precluded rinsing away unbound rare earth, so the unwashed, labeled wood pulp was dried; approximately 7 g of the labeled Solka Floc was placed in two #7 gelatin capsules to be administered to each animal. The specific activity of the radioisotopes and amounts of other markers used to label the fiber sources are presented in Table 1 .
Marker Administration and Sampling. Each animal was administered the capsules containing the labeled fiber via esophageal cannula, as shown in Table 2 . The extracted Coastal bermudagrass hay labeled with 177Lu and with Cr by mordanting was administered to determine the differences in passage kinetics between mordanted and rare earth-labeled forage. Effects of time of marker administration on passage kinetics (markers administered in 24-h intervals) were evaluated with ~69yb-(h 0) and Yb-(h 24) labeled Coastal bermudagrass, 147Nd-(h 0) and 141Ce-(h 24) labeled Solka Floc and Sm-(h 24) and La-(h 48) labeled wood chips. The effects of time of marker administration on passage kinetics when given before or after a meal was evaluated with 16~ (h 12) and Tb-(h 15) labeled Coastal bermudagrass.
Tap water was injected, using a syringe, into each capsule before administration; this aided to moisten the labeled material and increase capsule softening for breakdown. Swallowing was observed to ensure that the capsules reached the rumen and that they were not immediately regurgitated. Grab samples of feces were collected subsequently every 4 h for 72 hi every 6 h for the next 48 h and every 12 h for the next 72 h.
Sample Preparation and Analysis. Samples of feces were dried in a forced-draft oven at 55*C. Aliquots of dried samples were weighed POND ET AL. and placed in polyethylene vials and sealed as described by Pond et al. (1985) . Counts associated with 141Ce, 147Nd, lc~Fo, 169yb and 177Lu were collected at energies of 144, 531, 298, 197 and 208 KeV, respectively, using a multi-channel analyzer with a geranium lithium (GeLi)-doped crystal. Samples were counted for 600 s. After counting the samples for radioactivity, the stable rare earth concentrations in the samples were determined by neutron activation analysis (Pond et al., 1985) . Specific activity of each rare earth with time was fitted to a two-compartment, age-dependent (gamma 2 age dependency) model as presented by Ellis et al. (1979) and further described by Pond et al. (1988) utilizing the Marquardt nonlinear procedure of SAS (1979):
where y = marker concentration in the feces, t = time of sampling, tau = the time between marker dosing and fu'st appearance in the feces, Xl = age-dependent passage parameter and k2 = age-independent passage parameter.
Mean retention time ( and pooled standard errors of each parameter were estimated for each marker and animal.
Results and Discussion
Administration of capsules containing labeled particles usually is accomplished with a bailing gun. Because each of our experimental animals was fitted with an esophageal cannula, the capsules were placed directly into the esophagus. At time 0, a total of 11 capsules were dosed to each animal. The original design included administration of wood chips (five capsules) at time 0, but the animals began regurgitating portions of the labeled fiber from the llth capsule. Therefore, the wood chips were administered at time 24 and 48 h (as indicated in Table 2 ). Portions of the labeled fiber (<5 g) were regurgitated and eliminated by each animal at time 0 and 24 h; therefore, the exact dosage of the labeled fiber is unknown. Water injection into each capsule presumably facilitated rapid hydration and hastened capsule breakdown. Administration of capsules at other times was without incident. Level of intake and feeding behavior remained constant throughout the study.
The specific activity of the radioisotopes and markers administered to the animals (Table 1) gives an estimate of marker attachment and quantity administered to the animals. Use of radioisotopes resulted in much lower mg marker/g of fiber compared with the stable markers; this should reduce the problems associated with exceeding the binding capacity of the fiber and in altering the specific gravity of the marked fiber. In addition, the use of stable and radioisotope forms of Yb and Tb allowed for estimation of passage characteristics at different times utilizing the same element. The high specific activity and resulting low mg marker/g fiber marked was required to assure that the contribution of the stable element associated with the radioisotope dosed was kept to a minimum. If the specific activities of 16~ and 169yb were very low, there would be stable Tb and Yb present that could not be distinguished from the stable Tb and Yb dose 24 h later, thus potentially altering the passage estimation from Tb and Yb. The combination of markers and specific activities utilized in this experiment was suitable for obtaining passage parameter estimates for each marker.
Convergence criteria were met and estimates of parameters from the two-compartment, age-dependent model were obtained for each marker and animal except 16~ adminis-tered to animal 3. The ANOVA of passage parameters with the nine single degree of freedom contrasts is presented in Table 3 . Lambda 1 (~,l) is the rate parameter for exit from the age-dependent compartment of the two-compartment model and generally is associated with large standard errors of the estimate (Pond et al., 1988) . The biological interpretation of L1 has been described as the rate of mixing, hydration and other agedependent process that improve the chances of passage from the reticulo-rumen (Ellis et al., 1984) . Because each capsule was hydrated before administration, and because each fiber type would be expected to have similar initial mixing and hydration properties, no difference in ~,1 due to marker was expected. However, the Coastal bermudagrass hay labeled with 16~ and administered before the meal had a higher (P < .05) ~,1 than the Tb-labeled Coastal bermudagrass hay administered after the meal.
There were differences in the passage parameter estimate k2 (P < .05) and MRT (P < .001) due to animal and differences (P < .001) in the passage parameter estimates k2, tan and MRT due to marker (Table 3 ). The least squares means and pooled standard errors of passage parameters are presented in Table 4 for each fiber type and marker and in Table 5 for each animal. The k2 for Coastal bermudagrass hay labeled with 16~ and administered before the meal was higher (P < .01) and the MRT lower (P < .05) than that of the Tblabeled Coastal bermudagrass hay administered after the meal, indicating that passage of particles varied depending on when they were consumed. The Solka Floc labeled with 147Nd and 141Ce had k2 estimates that were higher (P < .001) and MRT that were lower (P < .001) than the k2 and MRT estimates of Sm-and Lalabeled wood chips. The Solka Floc also had higher (P < .001) kz, lower (P < .05) tau and lower (P < .001) MRT than the other markers. It is interesting that there were no differences (P > .1) in passage parameters estimates in contrasts comparing markers labeling the same fiber dosed at 24-h intervals, i.e., Coastal bermudagrass hay labeled with 169yb and Yb administered at 0 and 24 h, Solka Floc labeled with 147Nd and 141Ce administered at 0 and 24 h, and wood chips labeled with Sm and La administered at 24 and 48 h. In addition, there was no difference (P > .1) in any of the passage parameters (~-1, k2, tau or MRT) for the Coastal bermudagrass hay labeled with the Cr-mordant procedure compared to the same Coastal bermudagrass hay labeled with 177Lu. This indicates that the Cr and 177Lu appeared to label the same component of the diet and yielded similar passage parameter estimates. The contrast of passage parameter estimates of Coastal bermudagrass hay labeled with Cr and 177Lu compared to Coastal bermudagrass hay labeled with the other rare earth element also was not different (P > .1). Ehle (1984) reported that increasing the Cr concentration of the solution used in mordanting alfalfa fiber increased Cr content and density of the dosed fiber and increased passage rate of labeled particles from the rumen. The Cr content of the Coastal bermudagrass hay labeled in the present experiment was similar to the lowest Cr content used by Ehle (1984) , so little effect on density and passage would be expected.
From these data, it can be concluded that rare earth metals applied to fiber via the soak and wash procedure can be used to detect differences in passage characteristics of different fibers. Chromium-mordanted fiber had similar passage characteristics as the 177Lu that labeled the same fiber, and both Yb-and ~69yb-labeled Coastal bermudagrass hay had similar passage characteristics as the Crmordant and 177Lu-labeled Coastal bermudagrass hay. The slow passage characteristics of the Sm-and La-labeled wood chips indicate that little migration occurred from the wood chips to the Coastal bermudagrass. If migration and relabeling occurred, the passage characteristics of the Sm and La would be more similar to the Cr-, 177Lu-, Coastal bermudagrass. Even though the Solka Floc was not washed to remove unbound marker, the passage characteristics of 14~Nd and ~41Ce were very different from the passage characteristics of the rare earth elements labeling wood chips or Coastal bermudagrass. Some migration and relabeling probably occurred, but migration was not extensive enough to change passage characterists so that they were similar to the passage of Coastal bermudagrass hay. Much of the marker migration reported by Crooker et al. (1982) and Hartnell and Satter (1979) may have been caused by the method of rare earth labeling. In both studies, the rare earth elements were sprayed on feedstuffs and no attempt was made to remove excess marker. Presumably, local concentrations of the markers exceeded the binding capacity of the feedstuffs they used. Teeter et al. (1984) and Allen (1982) reported the binding capacities of Yb for several feedstuffs. The possibility of exceeding the binding capacity can be minimized by following these binding capacity recommendations together with soaking and rinsing away unbound elements. Similar passage characteristics were observed within fiber type with different markers administered in 24-h intervals; this would be a prerequisite for implementation for a twomarker, two-dose technique for determination of passage, retention time, gastrointestinal tract fill and fecal output. Figure 1 portrays the technique graphically. In the current study, marker administration occurred in 24-h intervals; however, in a typical grazing study, a supplement is fed or collections are made at 0800 and 1600 to correspond to daylight and working hours. If the first marker (MI) is dosed at 1600 and the second marker (M2) is dosed at 0800 the next day, the theoretical excretion curves as portrayed in Figure la will be obtained. Collections corresponding to each time are presented in Figure lb . For a given collection time, the analysis for M1 and M2 will provide information for marker concentration at two times post-dose. These concentrations (corrected for dose) then can be combined to obtain the overall excretion curve portrayed in Figure lc . These samples containing both MI and M2 provide twice the information generally obtained with use of one marker. The labor involved with the dose of M2 is minimal compared to the labor saved by reducing the number of collections. This technique could be extremely useful in determining in vivo passage characteristics, fecal output and, therefore, intake in experiments with a large number of grazing animals. Incorporating more markers dosed at the same time or at different times might increase the precision in constructing the excretion curve.
Time of Dosing Relative to the Consumption of a Meal
The objective of dosing :e~'b-and Tblabeled Coastal bermudagrass hay at the beginning vs the end of a meal was to determine whether dosing time relative to consumption of a meal could affect the rate of passage estimates within the same animal. The same element was used (radioactive Tb and stable Th) to eliminate effects due to marker. This combination also allowed parameter estimation from the same animals at the same time. The k2 parameter estimates were greatly affected by the time of dosing and were 42% higher (P < .01),/therefore, decreasing retention time) when t~ was administered at the beginning of a meal compared to when Tb was dosed at the end of a meal. The tau was higher (P < .1) (increasing retention time) and the MRT lower (P < .05) when marker administration occurred at the beginning of a meal. Meal dosing in this study was very exaggerated; in practice this effect would not be so dramatic. Animals in this study were forced to consume their two meals in 3-h periods. This situation is similar to the grazing habits of cattle (grazing a. m. and p. m. meals) but certainly is more' regimented. This portion of the study indicates that caution should be taken to dose singledose markers at similar times relative to meal consumption. However, which time truly parallels kinetics of particles consumed in the meal is not known. Ehrlein (1979) and Deswysen and Ehrlein (1981) studied ruminal motility and particle movement of ingested marked meals. Their work offers a possible physiological interpretation for differences observed in the passage characteristics due to dosing time in this study ( Figure 2 ). As a capsule was dosed, it entered the reticulo-rumen as shown in Figure 2a . With time, the capsules were forced dorsally and caudally as shown in Figures 2b, c and d . These labeled particles became part of the mat formed in the dorsal sac of the reticulo-rumen and began mixing with digesta ~ present in the reticulo-rumen before the meal. Contractions of the reticulo-rumen are highest during the consumption of a meal. Thus, bali presented to the reticulo-rumen early in a meal are exposed to more contractions and possibly are mixed more effectively.
In contrast, the capsules dosed at the end of the meal were presented to the reticulo-rumen as shown in Figure 2a but were not forced caudally or mixed with digesta previously consumed. At the end of a meal, motility is reduced and less mixing occurs.
As particles are processed to enable passage (reduced in size, wetted to make less buoyant, digested, etc.), they move from the mat shown in Figure 2d to the ventral sac, then move over the cranial ventral pillar into the cranial sac, then into the reticulum. They are then brought in close proximity to the reficulo-omasal orifice. At this location, the probability of passage is high. Hence, materials dosed before the meal would have more of a chance to be dispensed into the mat and become involved in subsequent processes contributing to passage. The material dosed at the end of the meal, in addition to not having adequate mixing, if it is buoyant, is not in an area to enter the ventral rumen and eventually pass. The rate of passage from the reticulo-rumen (k2) thus would be reduced for material dosed at the end of a meal.
That k 2 and tau were reduced when dosing occurred at the end of a meal is a seeming paradox: How can a marked meal have a slower rate of passage from the rumen and yet the marker appear in the feces earlier? A possible explanation again can be illustrated by Figure 2 . The end of the meal dosed material would be in the position of the boll shown in Figure 2a . This is in close proximity to the reticulo-omasal orifice. In this position, it is possible that a portion of the marked material escaped, mixing with the reticulo-rumen contents and directly exited the rumen.
If these interpretations are verified, manipulation of ruminal retention time and passage may be affected by the time a particle is consumed within a given meal. These effects may be more important for feeds of different density and physical form than the Coastal bermudagrass hay fed in this study. It further implies that passage and other parameter estimates may not be constants strictly applicable to every particle consumed within a meal.
Passage Parameter Differences Due to Animal
Least squares means of passage parameter estimates for each animal (Table 4) indicate that animal 3 had the lowest (P < .01) k 2 and longest (P < .01) retention time. This animal consistently had the lowest k 2 and longest retention time compared to other animals regardless of fiber source or marker utilized. Considering this type of animal variation, care must be taken in experiments designed to estimate passage parameters. Use of a sufficient number of animals or utilization of reversal or latin square designs would reduce the probability of reaching erroneous conclusions due to inherent animal variation.
Conclusions
Rare earth-labeled fiber can be used for passage characterization measurements when labeled by the soak and wash method. Animals in a steady-state condition seem to have similar passage characteristics when markers are dosed on consecutive days; however, care must be used not to dose markers at vastly different times relative to meal consumption by the animal. A two-marker, two-dose technique may be useful in reducing sampling required to construct a complete marker excretion curve for the estimation of passage characteristics, fill of undigested residues and fecal output.
